ABSTRACT: Long-finned pilot whales Globicephala melas are a commonly encountered species in the Mediterranean Sea. In 2006−2007, an outbreak of the dolphin morbillivirus in the Western Mediterranean resulted in increased mortality of this species. The aim of this study was to determine whether survival rates differed between clusters of Spanish Mediterranean pilot whales, and how the epizootic influenced these survival rates. Photo-identification surveys were conducted between 1992 and 2009. Association indices were used to define clusters of individuals that associate with each other more frequently than with others. Based on a Cormack-JollySeber survival rate model, apparent survival rate estimates varied from 0.821 to 0.995 over 11 clusters for the 1992−2009 period. When the effect of the morbillivirus outbreak was modeled, 3 clusters with distinctly lower survival rates from previous models presented lower estimates after the outbreak (survival rate dropped from 0.919 [95% CI: 0.854−0.956] to 0.547 [95% CI: 0.185−0.866]), suggesting a negative influence of the epizootic or other unknown additive factors on certain clusters.
INTRODUCTION
Diseases play an important role in the survival of endangered species (Daszak et al. 2000 , Cleaveland et al. 2001 ) and may have a devastating effect on small populations. Three examples are the canine distemper that eradicated the black-footed ferret (Williams et al. 1988) , chytrid fungi and iridoviruses that may play a role in declining amphibian populations worldwide (Daszak et al. 1999) , and the ef fect of vacuolar myelinopathy in bald eagles (Fischer et al. 2002) . By decreasing survival or reproduction of individuals, infections may influence the abundance or population density of their host. The effects of disease outbreaks are difficult to evaluate, especially in marine species, which are challenging to sample for direct population dynamics analysis. To our knowledge no study has ever evaluated the effect of an epizootic on the survival rate of a ceta cean population. In 1990− 1991, an outbreak of the dolphin mor billivirus resulted in thousands of striped dolphins Stenella coeruleoalba stranding dead on the coast of the Mediterranean Sea (Agui lar & Raga 1993 , Van Bressem et al. 1993 , Fernández et al. 2008 , Raga et al. 2008 . The effects of this epizootic could not be evaluated, and nothing is known about how it influenced survival rates of the Mediter ranean population of this species. In 2006− 2007, a second outbreak affected not only striped dolphins (Raga et al. 2008 ) but also long-finned pilot whales Globicephala melas (Fernández et al. 2008) . The epizootic lasted from October 2006 to April 2007, during which 27 long-finned pilot whales were found stranded on the south coast of Spain, beginning with 10 animals stranding in the Strait of Gibraltar, expanding north-east along the coast of the Alboran Sea and ending at the Balearic Islands (Fernández et al. 2008 ). This number is very high, considering the average stranding rate of long-finned pilot whales in southern Spain (from the Strait of Gibraltar to Murcia) of 7.55 individuals per year before the epizootic (Fernández et al. 2008) . All but 2 of the stranded whales were either adults or sub-adults, and necropsy performed on 9 individuals showed changes in the lymph nodes, brain or lungs (Fernández et al. 2008) . In addition, 6 individuals were assessed for mor billivirus, and all tested positive (Fernández et al. 2008) . This was the first reported morbillivirus outbreak in long-finned pilot whales, despite the previously noted presence of antibodies in this species (Duignan et al. 1995) . The virus found in the stranded pilot whales was nearly identical to the strain present in the striped dolphins, suggesting that interspecies transmission of the virus is possible (Fernández et al. 2008 ). The morbillivirus is transmitted through mucus membranes (Black 1991), and pilot whales may be vectors of the virus for other cetaceans (Duignan et al. 1995) . Different factors including level of pollution, climate change, anthropogenic activity and prey availability may influence the prevalence and severity of the infection by decreasing immune system function in the host (van Bressem et al. 2009 ).
Long-finned pilot whales are common throughout the Mediterranean Sea (Cañadas et al. 2002 , 2005 , Mangion & Gannier 2002 , Gannier 2005 , de Stephanis et al. 2008a ). The pelagic areas of the Alboran Sea as well as the Strait of Gibraltar are preferred habitats (Cañadas & Sagarminaga 2000 , Cañadas et al. 2005 , de Stephanis et al. 2008a where the whales are present throughout most of the year (Cañadas & Sagarminaga 2000) , suggesting a resident population. The regions with the highest encounter rate of groups were the Granada-Almeria area as well as the Strait of Gibraltar and the Gulf of Vera (Cañadas et al. 2005 , de Stephanis et al. 2008a ). Sightings of longfinned pilot whales in these 3 areas showed a discontinuous distribution (Cañadas et al. 2005 , de Stephanis et al. 2008a and may indicate the presence of separate clans of long-finned pilot whales within the Alboran Sea population (de Stephanis et al. 2008b,c) .
In the Faroe Islands, long-finned pilot whales form strict matrilineal groups similar to the ones found in resident killer whales (Amos et al. 1993 , Fullard 2000 . A single population is formed by several clans, which consist of pods created by related matrilineal units. In this hierarchical social system, group philopatry of both males and females is observed, and groups are very stable (Mussi et al. 2000 , Ottensmeyer & Whitehead 2003 , de Stephanis et al. 2008b . As a result, all members of the clan are related to each other (Amos et al. 1993 ) and distinct genetic differences between clans are observed (Andersen 1993).
Long-finned pilot whales are classified as 'data deficient' on the IUCN red list of endangered species, both worldwide and at the Mediterranean subpopulation level (Taylor et al. 2008 , Cañadas 2012 ; however, in Spain they are a high priority species, and the Mediterranean population was classified as 'vulnerable' in 2011 after the morbillivirus epizootic (Real Decreto 139/2011; www.boe.es/ boe/ dias/ 2011 / 02/ 23/ pdfs/ BOE-A-2011 .
The aim of this study was to estimate the shortterm population effects of the morbillivirus epizootic on a wild cetacean population and to evaluate whether the whole population was affected in the same way. We used natural permanent markings (Hammond 1986 , Bigg et al. 1990 , Shane & McSweeney 1990 ) of long-finned pilot whales to determine the number of clusters of this species within the Alboran Sea population and to estimate survival rates for each cluster.
MATERIALS AND METHODS

Survey area
The Alboran Sea (Fig. 1) is located in the western Mediterranean, surrounded by Algeria, Morocco, Spain and Gibraltar (UK). Due to differences in shelf edge slope, depth, presence of ridges, volcanic activity, and proximity to fronts and currents (Parrilla & Kinder 1987) , the Alboran Sea is an extremely productive and diversified region (Rodríguez 1982 , Rubín et al. 1992 ). In addition, fertilization of the water through up-welling of nutrients results in high abundance of zooplankton (Rubín et al. 1992 , Rubín 1994 , 1997 , providing a food base for many species of predatory fish and cetaceans. As the Alboran Sea is separated from the Atlantic Ocean only by the Strait of Gibraltar, it is an obligatory migration route for species traveling from the Atlantic to the Mediterranean. As a result, the Alboran Sea is rich in cetacean species (Cañadas et al. 2002 (Cañadas et al. , 2005 ) and a crucial feeding and breeding ground for these animals (Cañadas & Sagarminaga 2000 , Cañadas et al. 2005 , Cañadas 2006 ).
Data collection
Surveys were carried out in the Alboran Sea as well as in the Gulf of Vera on the north side of the basin along the Spanish coast ( Fig. 1) 
Data analysis
Slides taken before 2004 were scanned and uploaded onto a computer enabling the analysis of each photograph in ACDsee Pro 5 under the same protocol, following Verborgh et al. (2009) . For every fin in a photograph, the frame number, sighting number, identification code (ID), and angle (every 30°, with 0°defined as the animal facing the camera) were recorded. Based on the angle, focus and fin exposure, photos were assigned a general quality rank (Q) from 0 (worst quality) to 2 (best quality: entire fin exposed, with a perfect focus and a perpendicular angle); only good quality (Q1 and Q2) photos were taken into consideration to decrease the possibility of misidentification. The fin was then compared to individuals in the catalogue in order to find a match. If a match was not found, a new ID was given and the individual was added to the catalogue. Each animal was assigned a marking level (M) from 1 to 3 (M1: lightly marked, M2: moderately marked, M3: well marked) (Verborgh et al. 2009 ). Only nicks and notches were considered markings; therefore, individuals presenting only scarring were defined as 'unmarked' and not used in the analysis. Saddle patches of long-finned pilot whales are also permanent features (Auger-Méthé & Whitehead 2007) and were used as a confirmation of the identity of animals with an M1 rank. As the main focus of the study was to look for a possible effect of the morbillivirus epizootic on the population, only animals first sighted before the initial outbreak in 2006 were used for all analyses.
Defining clusters
To define clusters within the population, the compiled version of SOCPROG 2.4 (Whitehead 2009) was used. Individuals seen together at least once within a sighting were considered associated for the sampling period (day), and data were restricted to pilot whales seen on a minimum of 2 sightings. First, the variation of the social system was measured by obtaining the coefficient of variation of true association indexes (social differentiation), which is an estimate of whether the data reflect a homogeneous society or a socially differentiated population (Whitehead 2008b) . The strength of the behavioral relationships between dyads was estimated using a half-weight association index α AB (Ginsberg & Young 1992) : (1) where A and B are individuals in the association, x is the number of sampling periods with A and B observed associated, y A is the sampling period with only A identified, y B the sampling period with only B identified and y AB is the number of sampling periods with A and B identified but not associated together.
A cluster analysis was performed to visualize the associations between individuals and relative rates of interaction between groups. Then, the cophenetic correlation coefficient was calculated to ensure that the dendrogram reflects the matrix of interaction rates. The association index corresponding to the maximum modularity was used to define community division by clusters (Whitehead 2008b (Whitehead , 2009 .
To determine temporal changes in the cluster structure, we used the standardized lagged association rate (SLAR) (Whitehead 1995 (Whitehead , 1997 given by the equation: (2) where w (A, t, τ) is the number of associates that were seen with individual A at both time t and time t + τ, and N (A,t) is the number of associates seen with individual A at time t. The SLAR is the average probability that a pair of individuals recorded together at time zero will be together again at subsequent time periods. The SLAR was jackknifed (Efron & Gong 1983) and plotted against the time lag using a moving average method. The standardized null association rate (SNAR) (expected if individuals were associating at random, and calculated as g (τ) = 1/(P − 1), where P is the marked population; Whitehead 1995) was compared to our results, to ensure that they were not random.
After bootstrapping the data, tie strengths (ts, sum of the association indices) (Barrat et al. 2004 , Whitehead 2009 were compared between clusters to evaluate gregariousness and create a base for grouping clusters when modeling survival rates.
Estimation of survival rates for each cluster
From 1992 to 2009, all the sightings from June to November were grouped together to form 1 capture occasion per year. Individuals were attributed to different groups based on the clusters defined by the cluster analysis (hereafter referred to as clusters). Goodness-of-fit tests were performed in the program U-CARE (Choquet et al. 2009 ) to detect problems of transience or trap-dependence in the dataset. Annual capture-recapture data were analyzed with Cormack-Jolly-Seber (CJS) models (Cormack 1964 , Jolly 1965 , Seber 1965 in the program MARK 7.1 (White & Burnham 1999) in order to estimate annual survival and recapture probability. This model stands on the following assumptions (Pollock et al. 1990 ): (1) All individuals in a group have the same capture probability p at occasion t; (2) all individuals in a group have the same survival probability ϕ between occasions t and t + 1; (3) marks are not lost; (4) capture occasions are short in time compared to the interval between two successive occasions. An effort was made to photograph all sighted whales, irrespective of their size or marking level, to ensure that all the individuals have the same probability of capture (Assumption 1). All the individuals used in this study were adults, so they likely had a similar probability to survive from one year to the next (Assumption 2). Furthermore, this assumption was met by grouping individuals with higher affinity in clusters. Assump- and capture probability (p) varied through time (t) and between clusters (c). We then fitted more parsimonious models by constraining subsequent parameters to be constant in time (.) or to be the same for certain clusters (numerical subscripts stand for the cluster numbers to which a given constraint was applied to, an 'all' subscript indicates that all clusters were modeled as 1 group, and '+' denotes given clusters being modeled as 1 group). Modeling step (MS) refers to the order in which the models were tested. After fitting the best model for p (Table 1 , MS I), we found the best models for ϕ (Table 1, MS II) . Additionally, within capture probability, the effect of using slides or digital pictures (p camera ) was tested (Table 1, MS III) . Once a general model for ϕ was obtained, we explored those grouping clusters with highest tie strengths (ts ≥ 0.55) (Table 1, MS IV).
We then investigated the possible effects of the morbillivirus outbreak (Table 1 , MS V). Three types of possible effects of the outbreak were tested: a change in survival rates from the year of the morbillivirus epizootic until 2009 (ϕ MV3 ), a change in survival in the year of the epizootic in addition to a postepizootic effect in the 2 following years (ϕ MV+post ) and a delayed ('late') effect of the morbillivirus on the survival rate, i.e. changed survival from 2007 to 2009 (ϕ MVlate ).
Next, we evaluated models looking at differences in survival rates before and after the morbillivirus epizootic for clusters with low overall survival rates ( ; Sugiura 1978 , Hurvich & Tsai 1989 ) was used to compare models and select the best one.
After obtaining a final model, the influence of photographic effort (p photo effort ) on capture probability was tested using the standardized number of fin images (Z) analyzed per year (Table 1 , MS VIII). We standardized the data applying the following equation: (3) where x is the number of fins in a given year, μ is the mean number of images per year and σ is the standard deviation.
RESULTS
Surveys
Transects covered a total of 83 161 km (Fig. 1) and resulted in 259 sightings of long-finned pilot whales for which photo identification data could be taken. The sightings were recorded on 105 d. A total of 7271 photographs showing 10 028 dorsal fins were analyzed, out of which 5591 (56%) were identified. Photographic effort and the number of fins analyzed increased with time, most rapidly from 2006 onwards (Fig. 2) . Q2 and Q1 images constituted 8 and 78% of the total number of analyzed photographs, respectively. The photo-ID catalogue consisted of 764 individuals with 61.5% being lightly marked (M1) and 38.5% moderately or well marked (M2, M3).
Defining clusters
Social differentiation was estimated as 1.710 (SE = 0.268), indicating a socially well differentiated population (Whitehead 2008a) . The cluster diagram (with cophenetic correlation coefficient = 0.8) shows that most individuals were sighted with preferred companions. Community division by modularity identified 11 clusters (modularity = 0.55, association index = 0.03) (Fig. 3) with a mean size of 16.5 (range: 3−32) marked individuals per cluster.
The SLAR stayed higher than the SNAR (null association rate = 0.005), showing that clusters would be stable for the whole study period. Tie strengths were strongest (ts ≥ 0.55) between Clusters 5 and 6 (ts 5, 6 = 0.55), Clusters 9 and 7 (ts 9,7 = 0.62) and Clusters 9 and 8 (ts 9, 8 = 0.62). Fig. 2 . Number of Globicephala melas fins analyzed and photographic effort per year (see Eq. 3). Photo quality rank -Q1: medium quality, fin partially or fully exposed, with visible nicks, angle 240° to 300° or 60° to 120° between fin and camera; Q2: best quality, entire fin exposed, with a perfect focus and a perpendicular angle 
Estimation of survival rates of clusters
The global goodness of fit test was not significant (χ 2 = 69.7591, df = 137, p = 1.000) showing no problems of either trap-dependence or transience in any of the clusters. We started with the model {ϕ t*c p t*c } (Model 20) in the first modeling step (Table 1, MS I) . Capture probability modeled to vary in time and to be the same for all clusters proved to be the best fit for our data (Model 17). The type of cameras used (Model 16) and the photographic effort (Model 15) did not influence the capture probability p. From models investigating basic survival rates (Table 1 , MS II), Model 4 proved to be the best fit. Having obtained a basic model, we explored whether survival rates were similar for clusters with ts ≥ 0.55 (Table 1 , MS IV). Survival rates of the following clusters were grouped together: 8+ 9 (Model 3), 7+ 8+ 9 (Model 6), 7+ 9 (Model 8), 5+ 6 and 7+ 8+ 9 (Model 2) and Model 2 had the lowest AIC c value (1479.30).
Preliminary survival rates for each cluster or group of clusters for the whole study period estimated by Model 2 ranged from 0.821 (95% CI: 0.628−0.992; Cluster 10) to 0.995 (95% CI: 0.951−0.999; Cluster 7+ 8+ 9) (Fig. 4) . The survival rate could not be estimated for Cluster 2. Clusters 4, 10 and 11 presented the lowest survival rates (0.891, 95% CI: 0.709−0.999; 0.821, 95% CI: 0.628−0.9926 and 0.918, 95% CI: 0.853−0.956, respectively), although their 95% CI overlapped with other clusters (Fig. 4) .
Next, the effects of the morbillivirus outbreak (Table 1 , MS V) were best estimated when taking into account the 3 yr epizootic effect (MV3) ( Table 1 , Model 10), showing a lower survival rate after than before the epizootic. We then investigated the possibility that there was an effect of the morbillivirus only for the 3 clusters (4, 10 and 11) that presented the lowest survival rate estimates in Model 2. We therefore modeled a morbillivirus effect for only these 3 clusters separately (Table 1 , MS VI). The MV3 effect, with the lower AIC c of MS VI, was then modeled for the same 3 clusters grouped together (Table 1, 
MS VII).
The best model (Table 1 , Model 1) estimated that the morbillivirus outbreak had the same effect on Clusters 4, 10 and 11 but did not detect any morbillivirus effect for any of the other clusters or groups of clusters. Annual survival rate estimates for the group of Clusters 4, 10 and 11 decreased from 0.919 (95% CI: 0.854−0.956) before 2006 to 0.547 (95% CI: 0.185−0.866) after the morbillivirus outbreak (Fig. 5) . For the other clusters or groups of clusters, the annual survival rates were estimated to be constant over the study period and ranged from 0.947 (95% CI: 0.645−0.994) for Cluster 1 to 0.995 (95% CI: 0.952−0.999) for Cluster 7+ 8+ 9 (Fig. 5) . Again, the survival rate could not be estimated for Cluster 2.
DISCUSSION
To our knowledge, this is the first published study evaluating the effect of a morbillivirus epizootic on the survival rates of a cetacean population. The results showed differences within the population, as not all clusters were affected by the outbreak in the same way. For some clusters, no morbillivirus effect was detected over the study period, while for Clusters 4, 10 and 11 the survival rate strongly decreased after the epizootic. The decrease in survival rates observed only in these clusters may have been due to individual predispositions, such as impaired immune system functioning which may be influenced by ex ternal factors including pol lution, climate change, anthropogenic activity and limited prey availability (Van Bressem et al. 2009 ); however, the exact causes remain unknown. We ex cluded the possibility of geographical separation being a factor, since members of Clusters 4, 10 and 11 were sighted near Almeria as well as in the Gulf of Vera. However, several clusters Table 1 ) with 95% CI. <MV: before epizootic, >MV: after epizootic. Cluster 2 was not estimated could use the same area but have a different diet, as seen in the social groups of the Strait of Gibraltar (de Stephanis et al. 2008c) . Tie strengths were not high between these 3 clusters (ts 4,10 = 0, ts 4,11 = 0.07 and ts 10,11 = 0.49). Thus, pilot whales from different clusters that were not specifically associated with each other apparently had contact with the virus, confirming the possibility of transmission of the pathogen either by individuals that are immune to it or by another species inhabiting the same area (e.g. striped dolphins; Duignan et al. 1995 , Fernández et al. 2008 . However, only marked individuals were taken into account in our study, and certain bonds between groups may have been missed (i.e. unmarked or not photographed individuals from different clusters could have interacted with each other). A relatively low survival rate before the epizootic may have contributed to the strong effect of the morbillivirus outbreak on post-epizootic survival rate in these 3 clusters. Despite some overlap in the confidence intervals, pre-morbillivirus survival rate estimates were lower for Cluster 4+10+11 (0.919; Fig. 5 ) than for the rest of the clusters (0.947 for Cluster 1, which was the lowest survival rate estimate, most probably due to a very small group size of n = 3, and 0.976 to 0.995 for the other clusters; Fig. 5 ). The MV3 effect on the survival rates of Clusters 4, 10 and 11 estimated by Model 5 (Table 1) suggests that the low ϕ values of the 3 individual clusters estimated by Model 2 (Table 1) were due to a decrease in survival rates after the epizootic. Our best model estimated a constant survival probability over the study period for Clusters 1, 3, 5+ 6 and 7+ 8+ 9, and de tected a 3 yr morbillivirus effect for Cluster 4+10+11. This model also detected differences in survival rates in clusters or groups of clusters before the epizootic (ranging from 0.919 to 0.995) and a decrease after the morbillivirus outbreak for Cluster 4+10+11 only, dropping from 0.919 before the epizootic to 0.547 after the outbreak (Fig. 5) . This substantial decrease represents a 0.37 reduction in the survival rate and may have a severe impact on the 3 clusters. Photographic effort as well as the number of fins analyzed was much higher during the last 3 yr of the study (2007 to 2009 ; Fig. 2) ; therefore, the observed decrease in survival rate was not due to a smaller data set or lower number of fins analyzed and identified following the epizootic.
This study did not aim to define the social structure of the long-finned pilot whale population in the Alboran Sea and Gulf of Vera. By creating clusters, we wanted to obtain groups of individuals that associate with each other more often than with others. These clusters may to some degree correspond to matrilineal groups observed for this species elsewhere (Fullard 2000 , Ottensmeyer & Whitehead 2003 ; however, no such assumptions were made in this study. The association index (and therefore the division of clusters) was based on maximum modularity (0.55), which was high enough to represent useful community divisions (Newman 2004 , Whitehead 2009 ). The cophenetic correlation coefficient value of 0.8 ensured that the hierarchical averagelinkage cluster analysis of the association data reflects the matrix of interaction rates (Whitehead 2009 ). Additionally, the population's society proved to be well differentiated (social differentiation > 0.5), there fore presenting weak as well as strong relationships between certain individuals (Whitehead 2009 ). The estimated SLAR stayed higher than the SNAR, indicating that individuals do not associate randomly and that long-term relationships exist (Whitehead 2009 ). Since only marked individuals were taken into consideration during the analysis, pilot whale newborns, calves and juveniles -which acquire nicks and notches with age (Ottensmeyer & Whitehead 2003 ) -are underrepresented. Fernández et al. (2008) reported that the morbillivirus affected mostly adults, and it could be argued that our results are biased and overestimate the reduction in survival rates. However, the death of a lactating female would probably result in the death of her dependent calf. Moreover, pilot whales are organised in closed matrilineal units, similar to killer whales, for which the rearing of young animals and the interaction between the related individuals seem to play a major role in structure and dynamics (Amos et al. 1991 , de Stephanis et al. 2008b . The deaths of killer whale mothers directly affect the survival of their offspring, even long after weaning (Foster et al. 2012) . Therefore, these potential additive deaths caused indirectly by the epizootic likely compensate the bias.
Our analysis shows a severe impact of the morbillivirus on the survival rate of several clusters in the Alboran Sea and Gulf of Vera, which may have longterm effects on the population. However, for some clusters we could not detect any effect of the outbreak, therefore the overall population stock could recover following the epizootic. Further monitoring of the population is needed to assess long-term impacts resulting from the epizootic and to determine why certain clusters were affected differently by the outbreak. Additionally, a detailed social structure analysis should be done to examine to what degree matrilineal units correspond to clusters, and whether the death of key individuals (caused by the epizootic) had an effect on social structure of the population. 
